One contribution of 15 to a theme issue 'What can animal communication teach us about human language?' Language has been considered by many to be uniquely human. Numerous theories for how it evolved have been proposed but rarely tested. The articles in this theme issue consider the extent to which aspects of language, such as vocal learning, phonology, syntax, semantics, intentionality, cognition and neurobiological adaptations, are shared with other animals. By adopting a comparative approach, insights into the mechanisms and origins of human language can be gained. While points of agreement exist among the authors, conflicting viewpoints are expressed on several issues, such as the presence of proto-syntax in animal communication, the neural basis of the Merge operation, and the neurogenetic changes necessary for vocal learning. Future comparative research in animal communication has the potential to teach us even more about the evolution, neurobiology and cognitive basis of human language.
Introduction
This theme issue is dedicated to the memory of Dorothy Cheney-an extraordinary and insightful primatologist who, with her husband Robert Seyfarth, studied vervet and baboon vocal communication and illuminated the importance of social cognition in primate evolution and language origins [1, 2] .
For centuries, scientists have been interested in the biological origins of human language and its relations to other animal communication systems. Darwin, in his Descent of man, for instance, commented on babbling in songbirds, singing in gibbons and 'the intimate connection between the brain, as it is now developed in us, and the faculty of speech' [3, p. 88 ]. Since Darwin's time, though, much progress has been made in understanding the faculty of human language and its neurobiological underpinnings. Fundamental questions, of course, remain, as human language is a multi-faceted and highly specialized network of interlocking systems. In order to understand how the system arose, one approach is to analyse its multiple components, such as phonology, syntax, semantics, auditory perception and memory, the vocal-motor articulatory system, the conceptual-intentional system and theory of mind [4] . One can then investigate the structure, function and evolution of these components by drawing on comparative studies of animal communication and cognition in a diversity of species and by engaging a variety of methods and theoretical frameworks. Animal communication itself is incredibly diverse in its forms and mechanisms [5] (consider the diversity of song learning behaviour in songbirds alone [6] ), necessitating extensive comparative and interdisciplinary efforts to understand human language and its origins in the context of the broader world of biological signalling.
This theme issue is driven by a recognition of the value of comparative perspectives on human language and the powerful insights that can be gained from studies of animal communication and cognition. The inspiration for this © 2019 The Author(s) Published by the Royal Society. All rights reserved. special issue, and many of the contributed articles, arose from an international conference entitled 'New Perspectives in Animal Models of Language' held at the University of Maryland, College Park, in September 2017. Researchers at this meeting, and a growing number of scientists worldwide, are engaged in comparative studies of animal communication in diverse species and using innovative new methods, so it is important to bring these voices together to encourage fruitful dialogue between linguists, ethologists, biologists, psychologists and neuroscientists, so that investigators can draw inspiration from each other's ideas and work together to generate new paths forward.
Part I: vocal learning
The questions of what constitutes vocal learning and which species are capable of it are sources of intense debate, and the subject of ongoing experimental studies, in discussions of the evolution of language. Humans are often described as the only primate capable of vocal learning, a trait shared with several disparate groups of mammals (bats, pinnipeds, cetaceans and elephants) and several orders of birds (songbirds, parrots and hummingbirds). But researchers consistently raise questions about how vocal learning in other species compares with that in humans, the extent of vocal learning in other primates and how vocal learning emerged in humans.
Tyack [7] provides an overview of vocal learning and clarifies the debate by distinguishing between limited and complex vocal learning. He describes limited vocal learning (which has a broad taxonomic distribution) as the ability to fine-tune the acoustic features of species-specific vocalizations, which can be generated by innate motor programmes. By contrast, complex vocal learning (which has a much narrower distribution, including humans) occurs when an animal hears a sound, creates an acoustic template in memory and then develops a vocalization that matches the template. Tyack emphasizes the importance of critically evaluating evidence for complex vocal learning, as animals with only limited vocal learning are likely not very good models for human vocal learning.
Bats are sometimes overlooked in discussions of vocal learning, but here Vernes & Wilkinson [8] provide a detailed overview of direct and indirect evidence for vocal learning in bats. Vocal learning in bats usually involves modifications to calls used for group integration and/or recognition, which Vernes & Wilkinson argue constitutes a form of 'limited' vocal learning according to Tyack's framework. With their small size and highly vocal nature (and also high diversity in gene variants of FoxP2-the gene famously implicated in human language evolution), the authors highlight the value of using bats in studies of the neural circuity and genetic basis of vocal learning.
In contrast with Tyack's approach and classification of different types of vocal production learning, Fischer & Hammerschmidt [9] shift the focus by discussing the importance of auditory comprehension learning in non-human primates and by examining the mechanisms that support vocal adjustment in relation to auditory experience. They describe, for instance, the influence of parental vocal feedback on vocal development in marmosets [10] , which would not be described as complex vocal learning under Tyack's definition, but, they argue, involves a similar kind of sensory-motor integration to human language. Further, they emphasize a different framework from Tyack's by listing multiple mechanisms for vocal production in primates, some of which are unique to humans, while others are shared with non-human primates.
Part II: phonology, syntax, semantics
Since the mid twentieth century, the field of linguistics, led by the revolutionary work of Noam Chomsky, has significantly advanced our understanding of phonology, syntax and semantics. In recent decades, there has been an explosion of interest in the evolution of language and research exploring to what extent these components of human language are found in the communication systems of other animals [11] . Although the contributions in this issue show that progress has been made, they also make clear that there are still many difficult questions that remain.
Suzuki et al. [12] review evidence and criteria for compositional syntax in birds and primates, which has long been thought to be unique to humans. Some of the best evidence for compositional syntax in animals, they suggest, comes from recent studies in the southern pied babbler [13, 14] and in Japanese tits. In the latter, birds produce an alert-recruitment call sequence in which the meaning of the whole sequence depends not only on the meaning of the individual calls but also on the order in which they are combined. They also identify cases of idiomatic sequences (like the phrase 'kick the bucket') observed in animal calls, in which a vocal sequence is composed of meaningful elements, but the meaning does not depend on the meaning of the parts. Based on these insights, they propose new approaches for examining the syntax-semantics interface in animal communication.
Birdsong has been quite a popular and successful model for human speech production in large part because birds learn to produce their songs according to sequential rules, as humans do in phonology and syntax. But Fishbein et al. [15] argue that sequences may not be as important for conveying information in birdsong perception as they are in human language, despite the intriguing evidence presented by Suzuki et al. for a functional role of sequential rules in bird call perception in a few species. Fishbein et al. review behavioural evidence that zebra finches are quite poor at hearing changes to song syllable sequence and are much better at hearing changes in the acoustic properties of individual elements. While some species (e.g. budgerigars) are better than zebra finches and several other avian species at perceiving sequence information, the authors argue that birds might be communicating in a fundamentally different way in song, largely independent of sequence, compared with what we do in speech.
The question of whether animal communication exhibits even a primitive form of human syntax has sparked some of the fiercest debates in the field. Zuberbühler [16] reviews several theories for the evolution of syntax and distinguishes types of syntax (i.e. permutation and combination) and compositionality. He proposes that animal and human syntax may differ in the complexity of Merge operations (where two syntactic elements are merged into a set) but not in kind-a conceptualization that differs from the unitary, human-specific version of Merge as proposed by Friederici [17] . Zuberbühler suggests that the difference in complexity may be due to variation in short-term memory limits, with only large-brained animals capable of merging already royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 375: 20190042 merged units. He also highlights the importance of animal cognition of event perception ( perceiving, representing and recalling natural events in ordered and hierarchical ways) for the evolution of syntax and compositionality.
Regarding animal models for phonology and syntax, Idsardi [18] offers cautions concerning Fitch's phonological continuity hypothesis [19] : that animals share with humans the ability to process finite-state patterns and not contextfree ones, like those of human syntax. For a machine or brain to recognize context-free patterns, it requires pushdown automata (PDA) computational capacity. But Idsardi points out that even with simple finite-state patterns, we might want to use a PDA architecture to accurately capture the computations made by animal and human learners. Similarly, if we find PDA circuits in the brain, he argues that they could be used for phonology/sound patterns, not necessarily syntax as others have suggested, posing a challenge for efforts to localize syntax in the brain.
Part III: neurobiological and genetic adaptations
Recent innovations in human neuroimaging, neurophysiological studies during vocal behaviour and new cellular and molecular techniques, such as genetically identifying and manipulating specific neural circuits, have enabled significant advances in our understanding of the neurobiology of language and animal communication. The contributions in this issue show the power of these techniques applied to animal models to reveal the neural mechanisms and genetic adaptations underlying the human language faculty. Nieder & Mooney [20] offer a comprehensive review of the neural mechanisms underlying innate and learned vocalizations in birds and mammals. They describe the neural circuits controlling these systems from respiratory-vocal integration in the brainstem to the role of the periaqueductal grey (PAG) in the midbrain in switching on and off innate vocalizations, all the way to the forebrain networks that provide volitional control of vocalizations. In doing so, they emphasize the value of using multiple animal model systems, including birds, rodents, non-human primates and other mammals, as each has distinct advantages for understanding components of vocal production. Indeed, they provide considerable evidence that human speech is built upon ancient, conserved brainstem circuitry that forms a general platform for vocal production shared by most vertebrates and that speech (and birdsong) arose with the additional evolution of forebrain-brainstem coordination.
Seminal recent work by Jarvis and colleagues [21] revealed the evolutionary convergence of vocal learning at the level of gene expression in birds and humans. Here, Aamodt et al. [22] explore the genetic landscape of this convergence, analysing thousands of genes in avian song production to provide insights into the neurogenetic underpinnings of human communication disorders. They review shared genes in humans and songbirds related to vocal learning, including genes encoding a linked reward system that are also implicated in human communication disorders. They discuss shared genes in songbirds and humans that influence vocal communication, social cognition and intelligence, such as AUTS2. This gene is upregulated in both songbird and human striatum, which is part of the basal ganglia, and variants in humans have been linked to autism and dyslexia. Given the similarities between the songbird and human genomes, they suggest that studies of songbird genes could be used to drive translational research.
Echoing and extending the views of other authors in this issue, Bodin & Belin [23] emphasize the shared features of animal and human vocal communication, rather than focusing on divergent properties. Here, they review parallels in areas of human and non-human primate brains that are sensitive to conspecific voices. Similar to Nieder & Mooney, who emphasize the shared vocal production circuitry in vertebrates, Bodin & Belin emphasize the importance of the evolutionarily conserved voice perception system. Specifically, they argue for a conserved network of cortical voice areas or 'voice patches' in higher auditory cortical regions of the primate brain from which language could have emerged. They also draw parallels between this voice-processing system in the auditory cortex and the face-processing system of the visual cortex. They highlight how these systems interact to combine visual and auditory social information in the superior temporal sulcus and frontal cortex, which may have been a target of evolution in primates.
Friederici [17] , in contrast with Bodin & Belin's emphasis on shared basic mechanisms in primate voice perception, focuses on specific neural adaptations in humans that enable the language capacity to emerge. She argues that human language is rooted in the capacity to process hierarchically structured sequences and that this ability is grounded in a system consisting of a left lateralized network with a frontal cortex hub in the posterior part of Broca's area (Brodmann's area 44) and its connection to temporal cortex via the dorsal pathway, which is more developed in adult humans than in non-human primates and prelinguistic infants. She contends that this network for processing hierarchy is language-specific and is not a general processor of hierarchy, such as in music or mathematics or in the hierarchy of event perception (in contrast with Zuberbühler). She also emphasizes Merge as the basis of the human-specific capacity for language which she argues can be localized in BA44. This is a controversial but testable claim-though Idsardi's article in this issue raises important questions about the localizability of the Merge function in the brain.
Part IV: intentionality and cognition
Human language is intimately linked to social cognition-we communicate concepts and intentionally influence other people's mental states. The three final contributions in this issue explore to what extent animals and humans share cognitive processes underlying their communication systems.
Graham et al. [24] critically evaluate the criteria used to identify the degree of intentionality in a signal and how the criteria are applied to animal, especially primate, communication. They emphasize the difficulty of differentiating between zero-order intentionality (in which an animal vocalizes with no intention of communicating to others, and no mentality is involved in signalling) and first-order intentionality (where the signaller intends to signal in order to alter the behaviour of the recipient). They argue that we need better ways to accurately assess arousal to rule out zero-order explanations of first-order intentionality. They stress the importance of such attempts to 'scratch beneath the surface' and avoid anthropomorphic assumptions, as communication royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 375: 20190042 behaviours of humans and non-human primates may appear to be the same on the surface but may fundamentally differ in underlying cognitive processes.
Similarly, Novack & Waxman [25] ask whether the signals used in ape communication influence core cognitive capacities, such as object representation or categorization. The authors review how these cognitive capacities develop links with vocalizations and gestures in human infants. For or instance, in infants as young as three months, listening to human language boosts formation of object categories. They review evidence in apes, focusing on gestures, and argue that signals are used primarily for imperative purposes (i.e. to get attention and make requests) rather than to share intentions. This urge and ability to share intentions, which human infants develop as early as 12 months, does not appear to emerge in great apes and may place constraints on cognitive development in non-human primates.
While most studies of the evolution of human language focus on communication, Fitch [26] argues for the importance of examining precursors for components of human language in animal cognition. He points out that many species share sophisticated cognitive abilities that long preceded human language. He reviews the evidence that animals know far more than they can communicate and have conceptual representations that they cannot express-e.g. honeybees can learn to discriminate and make associations with different flower colours or patterns but cannot express them in dance language-arguing for caution in identifying discontinuities between humans and animals in cognition based on discontinuities in communication. Fitch emphasizes the importance of complementing research in animal communication with comparative studies of animal cognition that may provide deeper insight into the evolutionary path to language.
Concluding remarks
The array of articles in this theme issue illustrates the value of using the comparative approach to investigate the mechanisms and origins of human language. While the authors find much common ground, the conflicting viewpoints expressed on several fundamental issues, such as the presence of proto-syntax or compositionality in animal communication, the neural basis and human specificity of the Merge operation, and the underlying neurogenetic changes leading to vocal learning and the emergence of language, also promise to inspire future research in animal communication that will teach us even more about the evolution, neurobiology and cognitive basis of human language.
